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Abstract

Forty-one samples of low-temperature ash from bituminous coal were leached with hot 

(80° C) distilled water, to determine the teachability of elements in the low-temperature ash of 

coal. The leachates were analyzed by inductively-coupled atomic emission spectroscopy and by 

ion chromatography. In general, only small amounts (<20 percent) of Al, Ba, Mn, Na, Ti, P, and 

F were leached from the low-temperature ash. These elements are probably predominantly 

associated with stable inorganic phases in the coal or they formed water insoluble phases during 

the low-temperature ashing process.

Moderate amounts (10-59 percent) of Fe were leached from most low-temperature ash 

(LTA) samples. Leachable sulfur (as sulfate) in the LTA is equivalent to more than 75 percent of 

the sum of the organic sulfur + sulfate sulfur as determined in the coal. It is inferred that some of 

the leachable Fe and S is attributable to pyrite which was oxidized during the low-temperature 

ashing process.

Modest amounts (25-75 percent) of Mg were leached from most LTA samples. The 

leachable Mg is possibly derived from organically-bound Mg and from ion-exchangeable Mg in 

clays. Water-soluble Sr appears to be uniformly high. The leachable Sr may have been derived 

from organically-bound Sr or from water-soluble Sr-sulfates in the coal. There are only small 

amounts



of leachable Cl and N, perhaps because these elements were volatilized during low-temperature 

ashing.

Introduction

Low-temperature (LT) ashing of coal has been a procedure in favor with coal scientists 

since it was introduced by Gluskoter (1965). In this procedure a plasma of radio-frequency 

activated oxygen is passed over ground coal. The activated oxygen plasma reacts with the 

carbon in the coal to form CO2 . Temperatures in the LT asher are believed to be less that 200° C 

under normal operating conditions (Miller, 1984).

The low-temperature ashing procedure remains the most effective method for removing 

organic matter from coal with minimum alteration of the minerals in the coal. Some of the 

possible effects of LT ashing on the minerals in coal, including oxidation of pyrite and removal 

of water from gypsum, are discussed by Miller (1984). One aspect of the low-temperature ashing 

procedure not discussed is the fate of the organically-bound elements such as Ca, S, Se, and Cl.

A better understanding of how elements behave during the low-temperatureashing 

process may provide insights into the elements modes of occurrence in coal. Finkelman and 

others (1990) postulated that salts (bromides, selenates, etc.) formed during the LT ashing 

process of low rank coals. To determine if salts are formed during the LT ashing of bituminous 

coals a set of 41 bituminous coal samples were LT ashed and the resultant ash was leached with 

hot (80° C) distilled water. The leachates were quantitatively analyzed for the elements listed in 

Tables 2, 3, and 4 by inductively-coupled plasma optical emission spectroscopy and by ion 

chromatography.
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This report describes the results for LT ash derived from 41 bituminous coal samples 

from the Appalachian coal basin. Information on sample identification and origin appears in 

Table 1. Results of the quantitative chemical analyses of the elements in the coal samples are 

located in Table 2. The percentages of the elements leached from the LT ash by hot water appear 

in Table 3.

Experimental Methods

Approximately 10 grams of coal that had undergone quantitative elemental analysis 

using techniques similar to those described by Golightly and Simon (1989) were 

low-temperature ashed using an IPC Model 4000 l low-temperature asher. Ashing continued until 

the ash reached a constant mass. Slightly more than 0.1 grams of the LTA was then placed in a 

polystyrene-conical-bottom centrifuge tube. Fifty ml of hot water (80 °C) was added and the 

resulting slurry was shaken by hand to insure that the material was properly dispersed in the 

water and that no material adhered to the bottom of the tube. The tube was then placed on a 

mechanical shaker for 18 hours at room temperature.

The sample was allowed to settle and was then centrifuged at 2500 rpm for 15 minutes. 

The decanted-filtered solution was analyzed by inductively coupled argon plasma-atomic 

emission spectroscopy (ICAP-AES) for selected major and trace elements and by ion 

chromatography (1C) for selected anions.

1 Any use of trade, product, or firm names is for descriptive purposes only and does not 
constitute an endorsement by the U.S. Government.



The results from the quantitative chemical analyses of the leachates together with 

quantitative elemental data determined on the unleached coal were used to determine the percent 

of the element leached from the LTA. This calculation assumes that volatilization of trace 

elements has not occurred during the ashing process; this assumption is probably valid for all 

elements except those that are the most volatile such as Br, Se, and Hg (Finkelman and others, 

1990). The concentrations of the elements determined in the whole coal were recalculated to a 

LTA basis for all elements except NO3 and SO4 . The nitrate (NO3) values in the LTA were 

calculated from the N values determined by ultimate analysis, assuming that all nitrogen (Table 

2) was converted to nitrate in the low temperature asher. The SO4 content in the LTA was 

calculated as the sum of sulfate and organic sulfur (calculated on a sulfate basis) determined in 

coal samples in accordance with ASTM test method D2492 (ASTM, 1994). The SO4 calculation 

assumes that pyrite is not oxidized in the low temperature ash; this assumption is probably not 

valid (Miller 1984), but the amount of oxidation is small in most cases.

The total amount of element (E^,) or anion (Awtsol) in solution was calculated by 

multiplying the concentration of the element (CEsol) or anion (CAsol) by the total weight of the 

solution (Wsol):

la). Ewteoi = CE*,, x WM,

The total amount of each element (E^^) or anion (A^^) in the LTA was calculated by 

first dividing the concentration of the element in the whole coal (CEwc) or anion (CAwc) by the 

percent of the LTA (%LTA) in the sample and multiplying by the weight of the LTA (wtLTA).
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2a). E^  = (CEwc / %LTA) x wtLTA 

2b). A^  = (CAwc / %LTA) x wtLTA

The percent leached (data of Table 3) was then obtained as follows:

3a). %L= (Ewtwi /EwtLTA)xlOO

3b). %L= (AwtMi /AWILTA)xlOO

These equations assume that there is no volatilization of elements during the low-temperature 

ashing procedure. Finkelman and others (1990) examined 10 coals of different rank and found 

that only Br, Se and Hg showed volatility under low-temperature ashing conditions. If an 

element was volatile, %L would be low because E^^ would be an upper limit.

The %L reported in Table 3 were rounded to the nearest whole number. Qualified values 

reported in Table 3 were rounded up for "less than" values or down for "greater than" values and 

were generally the result of qualified values reported for CEsol . There are two exceptions: 1) 

When the actual calculated value was less than 0.5 percent leached, as is commonly the case for 

nitrite, the value is rounded up less than 1; 2) when a value was calculated to be greater than 150 

% leached, as is the case for 12 analyses for Ca, the value is reported as <150 %. In addition, less 

than values calculated to be greater than 100 % , i.e. < 130 %, were reported as < 100 %.

Results of Hot Water Leaching of LTA Samples

Aluminum - Less than 10 % of the Al as determined in the coal samples was leached from
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27 of the 41 LTA samples. In contrast, 15 to 48 % of the Al was removed from the seven 

Kittanning coal samples from Conshockton Co., Ohio.

Aluminum in coal is commonly found in clays and other alumino-silicate minerals. These 

refractory phases should be unaffected by the low-temperature ashing process. Thus, most of the 

Al in the LTA should not be in a leachable form. Some plants, however, used Al as a structural 

element for support (Bouska, 1981). Some of this organically-bound Al may be retained in the 

organic fraction of the coal. During low-temperature ashing the organically associated Al may 

form amorphous, water soluble phases similar to those reported by Guven and Finkelman (1984) 

in their transmission electron microscopic examination of LTA for an Illinois No. 6 coal sample. 

We cannot offer an explanation of why there is so much water soluble Al in the LTA samples from 

Conshockton Co., Ohio.

Barium - Less than 36% of the Ba in the coal was leached from all 41 LTA samples. Less 

than 10% was extracted from 29 of these samples. Only two nonqualified values (5 and 19 %) 

were obtained for Ba extraction. Barium in bituminous coal is believed to be primarily associated 

with barite (BaSO4) (Finkelman, 1981), a stable non water-soluble phase.

Calcium - More than 75% of the Ca was removed from 38 of the 41 LTA samples. Data 

for 12 of these samples indicate that more than 150% of the Ca in the coal was removed. 

Analytical data indicated that no Ca was present in the water blanks. We are unable to explain the 

excessive amounts of water soluble Ca.

Iron and Sulfur - Less than 10% of the Fe was leached from 5 samples, 10-25% was 

leached from 19 samples, and 26-59% was leached from 17 samples. Water soluble Fe could 

come from several sources. There may be some water-soluble Fe-bearing phases, such as iron

6



sulfates, in the coal. Small amounts of Fe in bituminous coal may be organically bound (Heard 

and Senftle, 1984). During low-temperature ashing the organically-bound Fe may form 

water-soluble phases. Another possibility is that the low-temperature ashing process will oxidize 

iron sulfides (Miller, 1984) thereby generating water-soluble iron sulfates.

We assumed that the organic sulfur (Table 2) in the coal is oxidized to form water soluble 

sulfates during the low-temperature ashing process. We found that more than 75% of the sum of 

organic sulfur plus sulfate sulfur in the coal was leached as sulfate from 31 of the 41 LTA 

samples; more than 150% was leached from 12 of these samples. The abundance of leachable Fe 

and S (especially those samples in which more than 150% of the SO4 and organic sulfur in the coal 

was leached) indicates that some pyrite may be oxidized during LT ashing. There is a positive but 

not high correlation between leachable Fe and SO4 (r= 0.32, n= 41, significant at 95% confidence 

level).

Magnesium - The proportion of Mg leached from these samples was consistent: between 

25 and 75% of the Mg was leached from 35 of 41 samples. Between 25 and 87% of the Mg was 

leached from all but two samples but more than 100% Mg was leached from the remaining two 

samples.

Perhaps some of the leachable Mg was extracted from exchangeable clays. Mg associated 

with the organic matter in the coal may have formed water soluble sulfates during low-temperature 

ashing. Nevertheless, the proportion of water-soluble Mg appears to be high.

Manganese -" Less than" values were reported on 24 of 40 samples and greater than values 

for 3 samples. Of the 13 samples for which nonqualified values were reported, 12 were in the 

range of 40-100% leached. Most Mn in bituminous coal is inferred to be associated with siderite
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and should not form water-soluble phases in the LTA (Swaine, 1992). Manganese in lignites is 

largely associated with the organic matter. Some organically-bound Mn may be retained in the 

bituminous coal. However, it is surprising that 15 LTA samples had greater than 40% 

water-soluble Mn. Palmer and others (1993) found that more than 60 % of the Mn was leached by 

ammonium acetate from the LTA from two bituminous coal samples.

Sodium - "Less than" values were reported for 33 of the 41 LTA samples. The eight non 

qualified values ranged from 10 to 70 %. Whereas Na in low-rank coal is commonly associated 

with the organic matter (Finkelman, 1993), in bituminous coal much of the Na probably is 

associated with clay. Some Na may be attributed to Na ions in pore water (Demir and others, 

1986). The water leachable Na may have been derived from ion-exchangeable clays or from 

small amounts of organically-bound Na. It may also have been extracted from sodium ions that 

had been in pore water. There does not appear to be any correlation between the amount of 

leachable Na and leachable Cl. This lack of correlation could be due, in part, to volatilization of 

organically bound Cl during low-temperature ashing (see chlorine below).

Strontium - Between 25 and 75% of the Sr was leached from 29 of the 41 LTA samples. 

No LTA sample had less than 12% Sr leached by the hot water. Strontium in coal occurs in 

several different forms such as carbonates, phosphates, or in association with organic matter 

(Finkelman, 1993). Strontium sulfates may also be present. Leachable Sr may be derived from 

organically bound Sr in the coal or from water-soluble Sr-sulfates. However, these sources cannot 

account for the uniformly high proportion of water soluble Sr in these samples.

Titanium - Less than 10 % of the Ti was leached from 32 of 36 samples for which data 

were reported. The maximum leachable Ti was 17%. These results are consistent with the



association of Ti in coal with water-insoluble minerals such as rutile and anatase (Finkelman, 

1981).

Phosphorus - Less than 10% of the P was leached from 39 of 40 samples for which data 

were reported; 13% was leached from one sample. These data indicate that phosphorous in 

bituminous coal is associated with a water-insoluble mineral phase or that P forms a 

water-insoluble mineral phase during low-temperature ashing. Finkelman (1978) suggested that P 

was associated with rare-earth element phosphates such as monazite and xenotime.

Chlorine - Less than 23 % of the Cl was leached from 38 of 40 samples for which data 

were reported. Chlorine in coal is believed to occur in association with the organic matter or as 

ions in the pore water (Demir and others, 1986). During low-temperature ashing this Cl could 

form water soluble phases such as chlorides. Small amounts of Cl are associated with minerals 

such as apatite. The relatively low leachable Cl values may be due to volatilization of Cl during 

the low-temperature ashing process (Finkelman and others, 1990).

Fluorine - Non-qualified values were obtained on only 5 samples. These ranged from 13 to 

54% Less than 10% of the F was extracted from 35 of 40 samples for which data were reported. 

The maximum F leached was 30%. Fluorine in coal is probably associated with the inorganic 

constituents such as apatite and clay.

Nitrate - Less than 10% of the NO3 was leached from 40 of the 41 samples. Nitrogen in coal is 

inferred to be primarily organically-bound (Bouska, 1981). During low-temperature ashing some 

of the N may be fixed in the ash as nitrates. Because most nitrates are water soluble, the relatively 

low proportion of leachable NO3 indicates that much of the N may have volatilized during the LT 

ashing process.
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Conclusions

Few water soluble compounds are formed during low-temperature ashing of bituminous coal. 

Most of the elements studied (Al, Ba, Mn, Na, Ti, P, and F) likely were associated with refractory 

mineral phases that were unaffected by the low-temperature ashing process. Several elements (Br, 

Cl, N, and perhaps some F) are volatile even at the low temperatures achieved during 

low-temperature ashing and were lost during the process.

Pyrite may be partially oxidized during the low-temperature ashing process, forming 

water-soluble iron sulfates. Organic sulfur may also be oxidized to form water-soluble sulfates, 

accounting for the high proportion of water-soluble sulfur in the low-temperature ash.

The high proportion (>100 percent) of water-soluble Ca, Mg and Sr suggest contamination by 

the water used for leaching, however, blanks run did not indicate any Ca, Mg or Sr. Similarly, 

repeated analysis of the whole coal and the leaches do not indicate any systematic errors. We 

cannot account for the high proportion of water-soluble Ca, Mg, and Sr in the low-temperature ash 

of these samples at this time.

Results from water leaching of the LTA indicates that this approach is not an effective 

method for determining the mode of occurrence of elements in coal.
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D
ata are on an as received basis. 

[H
TA

 = high-tem
perature (550 deg. C

) ash; 
LTA

 = low
-tem

perature (< 200 deg. C
) ash].
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ata are on an as received basis. 

[H
TA

 = high-tem
perature (550 deg. C

) ash; 
LTA

 = low
-tem

perature (< 200 deg. C
) ash].
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TA

 = high-tem
perature (550 deg. C

) ash; 
LTA

 = low
-tem

perature (< 200 deg. C
) ash].
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TA
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) ash; 
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 = low
-tem

perature (< 200 deg. C
) ash].
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ere ashed from
 the sam

e original sam
ple.
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ere reported.
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ent w
as not determ

ined.



T
A

B
L

E
 3 (c

o
n

t). P
E

R
C

E
N

T
A

G
E

 O
F

 E
L

E
M

E
N

T
 A

N
D

 M
A

S
S

 L
E

A
C

H
E

D
 F

R
O

M
 L

T
A

 B
Y

 H
O

T
 W

A
T

E
R

E
LE

M
E

N
T

S
A

l
B

a
C

a
FeM

g
M

n
N

a
PS

r
T

i
A

N
IO

N
C

l
FN

0
3

S
0

4
%

 M
A

S
S

 LO
S

S

S
A

M
P

LE
 N

U
M

B
E

R
S

W
-250124 

|W
-250125 

JW
-250126 

JW
-250127 

JW
-250128

14
<

2
6

>
1
5
02631

<
1
0
022

<
1
0
0685

11
<

2
14030394

<
5
3

<
1
0
0536

37
<

3775550
<

7
3

<
4

0
<

1
0
03517

27
<

4
>

1
5
043729152

<
1
0
07217

15
<

4
1502246

<
4

728
<

1
0
0767

W
-25012922

<
4

1004729
<

2
524

<
1
0
0298

W
-250130 

|W
-250134

37
<

4
150465756

<
3
9

<
1
0
063

<
1
2

12
<

5
1101849

<
4
8

<
1

7
 69
<

5

W
-250135

5
<

4
130215371

<
31

<
1
0
012

<
4

W
-250136

8
<

9
1403348

<
4

8
<

2
5

<
1
0
055

<
5

W
-250137

6
<

3
1402149

<
1
0
0

<
2
8

<
1
0
043

<
6

W
-250138

6
<

3
0

1002439___
<

2
0 74

<
5

4
<

1
0
0

< 1
>

1
5
0

33.3

<
1
0
0

<
1
0
0

<
1

130
33.9

10
<

1
0
0

<
1

>
1
5
0

78.6

6
<

1
0
0

<
1

140
49.6

19
<

1
0
0

<
195

35.3

5
<

1
0
0

<
1

>
1
5
0

56.9

21
<

1
0
0

<
1

150
64.3

10
<

1
0
0

<
197

41.4

17
<

1
0
0

<
1

110
29.5

5
<

3
7

<
1

110
35.8

20
<

1
0
0

<
1

>
1

5
0

30.6

4
<

1
0
0

<
1

110
37.1

T
he < sym

bol indicates the concentration w
as below

 the detection lim
it of the value given in that sam

ple.

T
he > sym

bol indicates that the calculated value for percent loss exceeded the value given. 
N

o values greater than 150 percent w
ere reported.

T
he  

 indicates the elem
ent w

as not determ
ined.



T
A
B
L
E
 3 (cont). P

E
R
C
E
N
T
A
G
E
 O
F
 E
L
E
M
E
N
T
 A
N
D
 M
A
S
S
 L
E
A
C
H
E
D
 F
R
O
M
 L
T
A
 B
Y
 H
O
T
 W
A
T
E
R

E
L

E
M

E
N

T
S

A
l

B
a

C
a

F
e

M
g

M
n

N
a

PS
r

T
i

A
N

IO
N

C
l

FN
0

3
S

0
4

%
 M

A
S

S
 L

O
S

S

S
A

M
P

L
E

 N
U

M
B

E
R

S
W

-250139 
(W

-250140 
JW

-250142 
JW

-250143 
|W

-2
5

0
1

4
4

11
<

2
696284852

<
5
0

<
1
0
062

<
5

19
<

1
0

>
1502187

<
1
0
0

<
2
2

<
1
0
064

<
1
6

4
<

1
8

120
4228

<
5
6

<
4
2...

35
<

5

3
<

8

1102626
<

6
9

<
2
6

<
1
0
023

<
1
0
0

1
<

6
12013
26

<
1
0
0

<
6
8

<
1
0
048

<
4

W
-2

5
0

1
4

5
 

JW
-250146 

|W
-2

5
0

1
4

7
3

<
2
6962725

<
5
8

<
6

1
< 100

78
<

1
2

2
<

2
4

11015
41

< 100
<

1
6

<
1
0
052

<
4

2
<

2
3

12019
40

< 100
<

2
1

<
1
0
076

<
5

W
-2

5
0

1
4

8
 

|W
-2

5
0

1
4

9
 

JW
-250150 

|W
-250151

3
<

2
2

11017
72

<
1
0
0

<
1
3

<
1
0
013

<
6

4
<

1
4

1304
47

<
4
4

<
2

1 41
<

5

5
<

6

> 15019
44

<
6

1
<

4
6

<
1
0
049

<
7

3
<

9

1301035
<

7
8

<
2

1
<

1
0
039

<
6

21
< 100

<
199

36.0

12
<

1
0
0

<
1

130
56.1

32
<

1
0
0

<
1

>
1
5
0

35.0

7
<

1
0
0

<
1

>
1
5
0

40.2

10
<

1
0
0

<
175

17.6

7
<

1
0
0

<
1

>
1
5
0

48.2

< 1
< 100

<
184

22.5

5
<

1
0
0

<
1

>
1
5
0

22.6

16
<

1
0
0

<
1

110
23.2

3
<

1
0
0

<
189

21.8

2
<

1
0
0

<
149

27.7

<
3

<
1
0
0

<
131

23.2

The < sym
bol indicates the concentration w

as below
 the detection lim

it of the value given in that sam
ple.

The > sym
bol indicates that the calculated value for percent loss exceeded the value given. 

N
o values greater than 150 percent w

ere reported.

The  
 indicates the elem

ent w
as not determ

ined.


